Colloidal gold has a long history (1 Scientific interest in colloidal systems arose in the middle of the 19th century. In 1857 Michael Faraday published a comprehensive account of the preparation and properties ofcolloidal gold (2). His preparation was stable for almost a hundred years, only to be destroyed in the bombardment of London during World War II. During the last quarter of the 19th century and in the beginning of the 20th, interest in colloidal gold broadened: Bredig developed his arc method for its preparation (3), Zsigmondy invented the slitultramicroscope (4), Mie gave the theoretical explanation for the colour ofcolloidal gold (5), Schulze (6) and Hardy (7) studied its stability in the presence of ions of different valencies, Einstein (8) gave the theory of its Brownian motion and Smoluchowski (9) formulated the theory of the coagulation process. Medical applications were also pursued. Colloidal gold was, and is still, used for treatment of arthritis. A number of diseases were diagnosed by the interaction of colloidal gold with spinal fluids obtained from the patient.
Scientific interest in colloidal systems arose in the middle of the 19th century. In 1857 Michael Faraday published a comprehensive account of the preparation and properties ofcolloidal gold (2) . His preparation was stable for almost a hundred years, only to be destroyed in the bombardment of London during World War II. During the last quarter of the 19th century and in the beginning of the 20th, interest in colloidal gold broadened: Bredig developed his arc method for its preparation (3), Zsigmondy invented the slitultramicroscope (4), Mie gave the theoretical explanation for the colour ofcolloidal gold (5), Schulze (6) and Hardy (7) studied its stability in the presence of ions of different valencies, Einstein (8) gave the theory of its Brownian motion and Smoluchowski (9) formulated the theory of the coagulation process. Medical applications were also pursued. Colloidal gold was, and is still, used for treatment of arthritis. A number of diseases were diagnosed by the interaction of colloidal gold with spinal fluids obtained from the patient.
After World War I interest in colloidal phenomena shifted from inorganic systems to high molecular weight organic substances, both polymers and biochemicals. Courses in many universities in colloidal chemistry were abandoned. Research in classical colloid chemistry was handicapped by the inability of the optical microscopes with their resolving power of 200 nm to investigate colloidal particles of 2.5 nm diameter.
The invention of the electron microscope at the start of World War II opened up the field of colloids for detailed study. The resolution of the electron microscope was 2 nm in 1945 and has decreased now in 1985 to 0.2 nm. Individual heavy atoms can be visualized and atomic lattice spacings delineated. Pioneering investigations in colloid chemistry using this new tool were carried out under tryingwar conditions in Germany by Borries and Kausche (10) and by von Ardenne and Thiessen (11) . A comprehensive investigation ofcolloidal gold using the electron microscope as the main tool was started in 1948 at Princeton University and the RCA Laboratories by the author and his colleagues (12, 13) .
Work was also carried out at other laboratories in Japan by Takiyama (14) , by Suito etal. (15) and in the United States by Morriss and Milligan (16).
Preparation
Two basic approaches are used in the preparation of colloidal gold solutions. One is the disintegration of metallic gold rods by an electric arc operating in a liquid medium (Bredig (2) method and its modification by Svedberg in (1)). The other more general approach is the synthesis of particles from gold salts using either appropriate reducing agents or radiation (ultrasonic (17), pulse and laser radiolysis (18) ). Examination of many preparations proposed in the literature showed that most of them had limited stability and a broad particle distribution (13) . However, the reduction of chlorauric acid by sodium citrate at 100 °C produced a colloidal solution (standard citrate sol) which had excellent stability and 'uniform' particle size of 20 nm diameter. The electron microscope was used to determine the particle size distribution and thus to evaluate the'uniformity' of the preparation (Figure 1 ). Its standard deviation from the mean of 12 per cent indicated that 62 per cent ofthe particles had diameters between 18 to 22.4 nm. In addition, the particle size distribution curve had not a Gaussian shape but showed 'character', having a steep drop on the larger diameter side and a long tail on the smaller particle side.
Both the average diameter and the character of the distribution curve changed with preparative conditions -concentration, ratio ofreactants, temperature ( Figure 2 ). This was taken to indicate that the process of particle formation was chemical in nature and involved interplay of three steps -nucleation, growth and coagulation. 'Uniformity' of the particles in the standard citrate sol was due to a favourable juxtaposition of these three steps: nucleation took place and stopped, then growth took over and at the same time the particles attained a stability which prevented the widening of the distribution curve by coagulation. In order to understand the preparation process these three steps had to be studied individually.
Growth
The first step to be isolated and studied was that of growth. It had been previously found that when chlorauric solution was treated at room temperature withhydroxylamine hydrochloride, no colloid was produced unless proper nuclei were present. Byinoculatingsuch a growth medium with a controlled number of appropriate nuclei, Au" J where D is the final diameter, D is the diameter of the nucleus, Au. is the amount of gold in the nuclei, andAug is the amount of gold in the growth medium. Thus to obtain 40 nm particles from 20 nm particles, one would use seven times the amount of gold in the growth medium as in the 20 nm nucleating gold sol. In this way a graded set ofmonodisperse colloidal gold solutions was obtained in which the average particle diameters were up to 120 nm. This permitted the study of the effect of size on the properties of colloidal gold. Examination of the particle size distribution curves of such sols showed that while they broadened on growth, the standard deviation from the mean remained approximately constant at 10 per cent. This was taken to indicate that the law of growth was given by dD = const.D dt whereDis the diameter of the gold particle. This law states that the larger is the particle the faster it grows, which was checked by studying the growth rate of particles oftwo different diameters. The law of growth also states that the smaller is the particle the slower is the growth. This implies that there is a particle size below which growth rate is negligible, which defines the size of a nucleusoriginally estimated at 4 nm and later found to be 1.0 -2.0 nm. Examination of the chemistry of the reducing agent suggested that the induction period might be due to the transformation of the citrate ion into acetone dicarboxylate ion. When the latter was used as a reducing agent, a different, more symmetrical particle size distribution curve was obtained. The nucleation curve deduced from it had no induction period but represented a unimolecular decomposition of a 'precursor' of the nucleus. This 'precursor', a complex formed from the gold ion and the acetone dicarboxylate ion, was isolated by removing the gold ion in the very early stages of preparation by means of an ion exchange resin. Electron microscopic examination revealed diffuse amorphous particles which on bombardment with an electron beam formed small, compact gold particles. Thus, gold nuclei do not form by reduction of individual gold ions to atoms which then collide to form, by fluctuations, a stable nucleus. Rather the nucleation process consists of a polymerization step. When a critical mass is attained, a reduction to metal particle takes place. The nature of the polymerization step to form the 'precursor' may vary. In acid and neutral solution it is the formation of gold organic polymer, in alkaline solution a polymerization of gold hydroxide may take place (19) . The unimolecular redox decomposition of the organic gold polymer or the facile reduction of the gold hydroxide polymer takes place when the degree of polymerization is sufficiently great to produce a stable gold partiele, a particle whose cohesive lattice energy is greater than the disruptive surface energy. The latter may be affected by adsorbed molecules. For nucleation in acid and neutral solutions, the reducing agent must have at least two reactive groups to bring about polymerization (such as citrate, hydroquinone, acetone carboxylic acid). On the other hand, for pure growth, the solution must be neutral or acidic to avoid formation of gold hydroxide and the reducing agent should have one functional group (hydroxylamine hydrochloride, hydrogen peroxide). Once a sufficient number of nuclei is formed, the growth process takes over. This is a consequence of the following: the growth process is a one-step autocatalytic process catalyzed by the nucleus while the nucleus formation is a multi-step process dependent on polymerization. Turkevich etal. (13) concluded that the nucleus was 4.5 nm in diameter. Subsequently Morriss and Milligan (16) studying the effect of traces of copper on the nature of gold sol produced by hydrogen peroxide, found particles as small as 1.0 nm, Uyeda and his collaborators (15) concluded that the nuclei had a diameter of 1.0 to 2.0 nm and that these nuclei coalesced into simple and multiple twins before growth took place. This viewpoint is confirmed by high resolution electron micrographs which show that standard citrate sol particles are not single crystals. In recent years there has been considerable activity in the synthesis and characterization of gold cluster compounds (20) and it would be of interest to see whether these could serve as nuclei for gold colloid particles.
Nucleation

Coagulation
The coagulation of particles is an important step in colloid preparation. Its control during the preparation process determines the shape, structure and the size distribution of the particles. Once the preparation is complete, its absence ensures the stability of the sol. On the other hand the nature of the coagulation process of a prepared sol determines the morphology of the coagulum.
In the standard citrate sol the particles have a negative charge due to the strong adsorption of the citrate ion to form what is known as the Stern layer on the colloidal particle. As we shall see later, this determines to the first approximation the stability of the colloid. It was originally proposed (13) that the 20 nm diameter particle of the standard citrate sol was formed by pure growth from a 4.5 nm diameter nucleus. In view of subsequent work, this view must be modified. The 20 nm diameter particle is not a single crystal but multiple twin, often with flat sides. Furthermore, if growth is repressed during the preparation process (21, 22) , plate-like structures are produced (Figure 4 ). These may be smooth flat plates orplates with spiral steps on their surfaces. The spiral often has a hole which passes through the centre of the plate. In the mechanism for the synthesis of the 20 nm diameter particle of the standard citrate sol we must postulate the production of small atomic clusters from the precursor which then may aggregate to form multiple twins ( Figure 5 ).
These adsorb sufficient citrate to prevent further aggregation and thus serve as nuclei for growth to form the 20 nm diameter gold particles. In the mechanism for plate formation, the small nuclei aggregate to form linear chains. When the linear aggregates are sufficiently long, lateral forces produce rafts which ultimately change into flat smooth plates. Branching undoubtedly hinders the general plate formation. However, if the branchingproduces a chain spiral whose end overlaps some part of the chain, a spiral with a hole in the centre becomes a very favourable 'nucleus' for growth. Small nuclei adhere to the sides of the spiral and the spiral is not destroyed in this growth process. The height of the steps is determined by the diameter of the nuclei adhering to the spiral (Figure 4) .
Since its introduction in 1951 by the author, Stevenson and Hillier, the standard citrate gold sol has found wide acceptance as a marker in electron microscopy and modifications ofitspreparation have been proposed by a number of workers (23, 24) . Properties
In this section we will discuss the morphology and structure characteristics of colloidal gold particles and the investigation of these by electron microscopy. The second part of this review to be published in the October 1985 issue of GoldBulletin will describe other properties of these particles.
Morphology
Electron microscopic investigation has shown that colloidal gold sols studied had particles with diameters ranging from 1.0 to 160 GoldBull., 1985, 18 , (3) nm and which were usually spherical in shape and polydisperse in size. As was pointed out above, monodisperse sols can be prepared with an average diameter of 1.4 to 160 nm and with a mean deviation from the mean of 12 per cent. The particle size distribution is a reflection of the interplay of the nucleation, growth and coagulation processes. The particles may be 'spherical' or plate-like. The 'spherical' particles on examination with an electron microscope of high resolution were found to be icosohedrons with regular faces. They were often twins or multiple aggregates of smaller crystallites. The plates often had five sides. Occasionally the plate-like particles had a hole through the centre and a growth spiral on each side. During the last two decades there have been two remarkable developments in electron microscopy: the scanning transmission electron microscope STEM and the high resolution transmission microscope HRTEM (Figure 6 ).
The STEM has been developed by AW Crewe of the University of Chicago and a highly instrumented model was constructed byJ.H. Wall of the Brookhaven Nationallaboratory (25) . A pointsource o£ high electron intensity is focused by two lenses to produce an electron probe of 0.25 nm diameter. Appropriate coils scan this electron probe over the specimen. The electrons passing through the specimen are collected by several detectors. The information so obtained is processed and stored on magnetic tape. It can be displayed on a cathode ray tube and also photographed. The resolution is such that individual heavy atoms such as those of gold can be seen.
It is an annoying situation in electron mictoscopy that when the specimen is in sharp focus and the microscope is at its maximum resolving power, the contrast is very poor, However, for highly stabilized instruments such as the HRTEM and at certain values of the objective lens defocus (controlled to within 10 nm) contrast is increased without loss of resolution (26) . Particles as small as 0.5 nm can be visualized and lattices of individual particles can be imaged. Variations and dislocations in the lattice planes can be noted. When two gold particles are found close together, a continuity of lattice planes can be seen in the slender bridge between them ( Figure 5) . A quantitative evaluation of the lattice spacing of an individual particle can be made by a Fourier transform of its electron micrograph. The image of the lattice of the particle made by electrons is used as a diffraction plate for an optical laser beam ( Figure 7 ).
The diffraction spots so obtained (Figure 8 ) can be measured to determine the lattice parameter of each particle thus examined. Diamond used for calibration gave values varying by 0.01 nm about its lattice parameter of 2.06 nm. This technique has been used by Ban and the author to obtain distribution curves for lattice parameters of individual particles of colloidal gold-platinum alloys (27) 
Structure
When a beam of monochromatic X-rays of wavelength ^. impinges on a material, most qf the radiation passes through with a small fraction scattered at a wide angle s given by the Bragg relation n? = 2d sin 0, where c = 20. When the material consists of particles whose diameter is less than 100 nm, two effects are observed: the wide angle lines and the central beam are broadened (low angle X ray scattering). There is a distinction in the molecular interpretation of these two effects. The broadening of the wide angle lines is due to size and strains of crystallites composing the particles, and crystallite size does not necessarily coincide with particle size, Several decades ago attempts were made to use monodisperse gold to calibrate this X-ray method for size determination with the results from electron microscopy. These were unsuccessful (28) for a reason that is now understood.
High resolution electron microscopy has shown that the particles in standard citrate gold sol are often composed o€several crystallites whose size is obviously smaller than the particle size, On the other hand, the small angle X-ray scattering of standard 20 nm gold particles was used by Hubbell and the author (29, 30) to confirm the Guinier relationship between the X-ray intensity at various wavelengths, and the scattering angle. The dope of the curve is proportional to the radius of the particle (Figure 9 ). Part 11 of this review on colloidal gold will appeat in the next issue of Gold Bulletin and will discuss the colour, coagulation aspects, adhesion, alloYing and catalytic properties of gold colloids, 
